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1. INTRODUCTION {#hbm24959-sec-0001}
===============

Head motion is an important confounder in neuroimaging studies of brain structure and function (Power, Schlaggar, & Petersen, [2015](#hbm24959-bib-0015){ref-type="ref"}; Savalia et al., [2017](#hbm24959-bib-0023){ref-type="ref"}). Micro‐movements of the head, driven by spontaneous motion or respiration, strongly affect qualitative and quantitative neuroimaging outcomes, even if targeted image processing techniques are used (Parkes, Fulcher, Yücel, & Fornito, [2018](#hbm24959-bib-0014){ref-type="ref"}). Moreover, head motion during MRI often correlates with the predictors under study, such as age, psychiatric disease status and obesity (Hodgson et al., 2017; Makowski, Lepage, & Evans, [2019](#hbm24959-bib-0012){ref-type="ref"}; Torres & Denisova, [2016](#hbm24959-bib-0025){ref-type="ref"}). This raises the possibility of a systematic image artifact‐induced bias due to differences in head motion in these conditions (Pardoe et al., 2016; Satterthwaite et al., 2012).

One of the strongest predictors of head motion is body mass index (BMI) (Beyer et al., [2017](#hbm24959-bib-0003){ref-type="ref"}; Ekhtiari, Kuplicki, Yeh, & Paulus, [2019](#hbm24959-bib-0006){ref-type="ref"}; Hodgson et al., 2017). It seems likely that physiological differences associated with higher weight, for example, increased respiratory rate and amplitude, or spontaneous motion due to uncomfortable positioning in the magnet bore may induce this effect (Littleton, [2012](#hbm24959-bib-0010){ref-type="ref"}). Yet, within‐subject analysis have indicated that differences in head motion may be also driven by a neurobiological trait which shares genetic variance with BMI (Hodgson et al., 2017; Zeng et al., [2014](#hbm24959-bib-0026){ref-type="ref"}). Along these lines, impulsivity, for example, more rash action tendencies, might explain a proportion of the shared variance between head motion and obesity (Couvy‐Duchesne et al., [2016](#hbm24959-bib-0005){ref-type="ref"}; Kong et al., [2014](#hbm24959-bib-0008){ref-type="ref"}).

Until now, mainly cross‐sectional studies report on the association of BMI and head motion and little is known about how BMI changes may affect head micro‐movements. In this pre‐registered analysis (<https://osf.io/epsxt>), we therefore aimed to test whether a radical weight‐loss intervention (bariatric surgery) compared to a control group induces consistent changes of head motion during magnetic resonance imaging (MRI) in obese individuals. In addition, we aimed to estimate the confounding effects of a potential change in head motion after bariatric surgery on structural brain measures, according to previous literature (Madan, [2018](#hbm24959-bib-0011){ref-type="ref"}; Reuter et al., [2015](#hbm24959-bib-0021){ref-type="ref"}; Savalia et al., [2017](#hbm24959-bib-0023){ref-type="ref"}).

2. METHODS {#hbm24959-sec-0002}
==========

To test whether a decrease in BMI would reduce head micro‐movements during MRI, we investigated the effects of bariatric surgery on head motion in patients from the Center for Bariatric and Metabolic Surgery at Charité University Medicine Berlin. The local Ethics Committee of the Charité University Medicine Berlin approved the study protocol and the study was carried out in accordance with the principles of the Declaration of Helsinki. All subjects provided written informed consent and received a small reimbursement for their participation.

This analysis was preregistered (<https://osf.io/epsxt>). At the date of the preregistration, the acquisition of the data had been finished and the authors had seen summary statistics of BMI for both time points and groups, but the main outcomes (mean and maximal framewise displacement (FD) had not been calculated.

From the total study sample, we included all patients who received a MRI (for more details see (Prehn et al., [2020](#hbm24959-bib-0019){ref-type="ref"})). We compared 33 obese participants who underwent bariatric surgery (scanned at baseline *n* = 21, no baseline BMI information for one participant, 7m/26f, aged 43.0 ± 11.9 years, BMI: 46.4 ± 5.9 kg/m^2^ (mean ± *SD*)) to 17 obese participants in a waiting list‐control (scanned at baseline *n* = 16, 6 m/11f, aged: 47.5 ± 10.9 years, BMI 43.7 ± 5.2 kg/m^2^). Patients in the control group did not differ significantly from the intervention group regarding baseline characteristics. They had also been recommended to undergo bariatric surgery, but could not be scheduled for this procedure as they had to wait for the approval by their health insurances.

Resting state functional MRI (rsfMRI) (*T* ~2~\*‐weighted EPI sequence, 150 volumes, 34 slices, repetition time 2000 ms, echo time = 30 ms, flip angle = 90°, voxel size = 3.0 × 3.0 × 4.0 mm) was acquired at three time points maximum (baseline, 6 and 12 months after surgery or waiting period) on a 3 Tesla Siemens Trio MRI. 11/10 participants from intervention/control group completed all three assessments and all participants were included into the linear mixed model analysis. Mean and maximal FD were calculated according to (Power, Barnes, Snyder, Schlaggar, & Petersen, [2012](#hbm24959-bib-0016){ref-type="ref"}). We deviated from the preregistration by log‐transforming mean and maximal FD values prior to the analysis.

To test the hypothesis of a significant interaction of time point with group on mean FD, we set up a linear mixed model with group, time point and their interaction as fixed effects and subject as random effect. We used the function lmer of the R‐package lme4 in R version 3.6.1 (R Core Team, [2019](#hbm24959-bib-0020){ref-type="ref"}) (Full model H1.1 = lmer(mean FD \~ group × time point + (1Isubj))). We checked the assumption of normally distributed residuals by visually inspecting the qq‐plot and saw no obvious deviations. We reported regression coefficients and *R* ^2^ of the fixed effects of this model, calculated with the function r.squaredGLMM from the R‐package MuMin. To test the significance of the interaction effect between time point and group, we compared the full model including the interaction of group and time point to a null model including only main effects (Null model H1.0 = lmer(mean FD \~ group + time + (1Isubj))). Here, we deviated from the wrong specification in the preregistration by including the main effect of group, which is necessary to restrict the test to the interaction. We reported *Χ* ^2^ and *p*‐values of the likelihood ratio test (*R* function ANOVA) of the interaction, as well as *T* and *p*‐values of fixed effect estimates calculated with the R‐package lmerTest. Within‐subject error for plotting was calculated using freely available R‐scripts (<http://www.cookbook-r.com/Graphs/Plotting_means_and_error_bars_(ggplot2)/#Helper%20functions>) based on (Morey, [2008](#hbm24959-bib-0013){ref-type="ref"}).

To more comprehensively describe the relation of head motion and BMI we tested the hypothesis that within‐subject BMI change did not predict within‐subject head motion change. If we failed to reject this hypothesis, we would not be able to claim that BMI was a strong determinant of head motion. In this preregistered secondary analysis, we calculated within‐ and between‐subject BMI variability as the average and difference of BMI across time points. For example, if patients had all three time points, this resulted in one value for the average BMI and three values for the difference between the time point BMI and the mean. Participants with only one measurement were assigned to zero within‐subject variability. We then used a likelihood ratio test to compare the full model including both within‐ and between‐subject BMI (H2.1 = lmer(Mean FD \~ BMI~between~ + BMI~within~ + (1\|subj))) to a reduced model (Null model H2.0 = lmer(Mean FD \~ BMI~between~ + (1\|subj))), which included only between‐subject BMI. For this analysis, we reported R^2^ of the fixed effects of the full model and Χ^2^ and p‐value of the likelihood ratio test.

We also repeated the above analyses with maximal FD as outcome measure (H3.1 = lmer(Max FD \~ group × time point + (1\|subj)), H3.0 = lmer(Max FD \~ group + time point + (1\|subj)), H4.1 = lmer(Max FD \~ BMI~between~ + BMI~within~ + (1\|subj)), Null model H4.0 = lmer(Mean FD \~ BMI~between~ + (1\|subj))).

All code for this analysis is publicly available under <https://github.com/fBeyer89/ADI_preproc/tree/master/Project1_headmotion>. The data that support the findings of this study are available from the corresponding author upon request.

3. RESULTS {#hbm24959-sec-0003}
==========

We compared head motion during rsfMRI of 33 obese participants that underwent bariatric surgery to 17 obese participants in a waiting list‐control group at baseline, 6 and 12 months after surgery/waiting period. Bariatric surgery compared to control led to a systematic reduction of head motion, measured using mean FD of 150 individual brain volumes acquired with a 6 min scan (linear mixed models H.1.1 and H1.0 compared with a likelihood‐ratio test, *Χ* ^2^ = 10.8, *df* = 2, *p* = .0043, *R* ^2^ of fixed effects: .15, based on 107 observations from 50 participants).

Average head motion of control participants did not change, while participants in the intervention group had lower mean FD at 6 and 12 month follow‐up (see Table [1](#hbm24959-tbl-0001){ref-type="table"} and Figure [1](#hbm24959-fig-0001){ref-type="fig"}).

###### 

Results for the fixed effects from the linear mixed model (H1.1) predicting logarithmized mean FD (log mean FD \~ group × time point). Time point has the levels baseline (reference level), 6 and 12 month follow‐up (FU). Condition has the levels control group (reference level) and intervention group (IG). Shown are the *β* estimates, *standard errors (SE)*, *T*‐ and *p* values for the main effects of time point (6/12 month FU, compared to baseline), the main effect of condition (IG, compared to control group) and the interaction of time point and condition (6 month FU:IG and 12 month FU:IG, difference in change from baseline to 6/12 month FU in IG compared to control group)

  Fixed effects    *β* estimate   *β SE*   *T* value   *p* Value
  ---------------- -------------- -------- ----------- -----------
  (Intercept)      0.54           0.07     −8.2        \<.001
  6 month FU       0.06           0.05     1.2         .22
  12 month FU      0.0004         0.05     0.009       .99
  IG               −0.063         0.08     −0.8        .45
  6 month FU:IG    −0.21          0.06     −3.4        .0014
  12 month FU:IG   −0.17          0.07     −2.4        .019

![Head motion during resting state fMRI, measured as log‐normalized mean framewise displacement (mean FD), decreases in the intervention (IG) compared to the control group (CG), shown in blue/red, respectively. Open dots represent group and time point averages, error bars represent within‐subject errors](HBM-41-2490-g001){#hbm24959-fig-0001}

Moreover, the magnitude of weight loss, measured as change in BMI, predicted the decrease in mean FD (linear mixed models H2.1 and H2.0 compared with a likelihood‐ratio test, *Χ* ^2^ = 20.6, *df* = 1, *p* \< .001, *R* ^2^ of fixed effects: .053, based on 107 observations from 50 participants, see Figure [2](#hbm24959-fig-0002){ref-type="fig"}a,b).

![(a) The within‐subject change in BMI (*x*‐axis) from baseline to 6 month follow up predicts the change in mean FD (*y*‐axis). Color represents the condition (red: control group (CG), blue: intervention group (IG)). The line shows the regression curve with 95% confidence intervals. (b) Detailed BMI and mean FD trajectories for CG (left) and IG (right). Each color represents one participant. Time after surgery is symbolized by a circle (0 months), triangle (6 months) and square (12 months). BMI, body mass index; FD, framewise displacement](HBM-41-2490-g002){#hbm24959-fig-0002}

There was no time point by group interaction for maximal FD (linear mixed models H.3.1 and H3.0 compared with a likelihood‐ratio test, *Χ* ^2^ = 2.2, *df* = 2, *p* = .33, *R* ^2^ of fixed effects: .11, based on 107 observations from 50 participants). Yet, similar to the findings for mean FD, the magnitude of weight loss did predict differences in maximal FD (linear mixed models H4.1 and H4.0 compared with a likelihood‐ratio test, *Χ* ^2^ = 6, *df* = 1, *p* = .014, *R* ^2^ of fixed effects: .035, based on 107 observations from 50 participants).

To estimate the impact of head motion changes on structural imaging outcomes, we assumed an average total gray matter volume of \~600 cm^3^ (based on own data) and 24 cm^3^ gray matter loss per 0.1 mm of mean FD increase based on results from Alexander‐Bloch et al. (Alexander‐Bloch et al., [2016](#hbm24959-bib-0001){ref-type="ref"}). Thus, an estimated decrease in mean FD from baseline to follow up in the intervention group of 0.12 mm, as shown in the current analysis, would translate into a false increase in total gray matter volume of 28.8 cm^3^ (or about 5%) after bariatric surgery, due to the decrease in head motion alone.

4. DISCUSSION {#hbm24959-sec-0004}
=============

In this preregistered analysis, we showed that a radical change in physiological parameters, in this case body weight loss induced by bariatric surgery, reduced head micro‐movements during MRI. The magnitude of changes in BMI further predicted the magnitude of reduction in head motion. This indicates that head motion strongly depends on body physiology and that BMI differences may result in biased estimates of brain structure and function. Our result highlights the need of rigorous attempts to adjust for and reduce head motion during neuroimaging studies in obesity, as well as in other conditions that may be systematically related to head motion.

Our findings are in line with previous observations in several large imaging cohorts in which BMI accounted for 8--40% of the variance in head motion, making it one of the most important predictors of head motion (Ekhtiari et al., [2019](#hbm24959-bib-0006){ref-type="ref"}; Hodgson et al., 2017). While our estimate of a weight loss‐induced bias in neuroimaging outcomes (i.e., 5% increase in total gray matter volume after bariatric surgery) relied on between‐subject estimates of the effect of head motion (Alexander‐Bloch et al., [2016](#hbm24959-bib-0001){ref-type="ref"}) and therefore has to be interpreted with caution, this finding still stresses the importance to control for head motion differences in future MRI analyses. Different techniques, such as multi‐echo sequences (Power et al., [2018](#hbm24959-bib-0017){ref-type="ref"}), fixation through head molds (Power et al., [2019](#hbm24959-bib-0018){ref-type="ref"}) and tactile feedback during scanning (Krause et al., [2019](#hbm24959-bib-0009){ref-type="ref"}) have been proposed to considerably reduce head motion a priori*---*which is probably the best way to handle this important confound for practically all imaging outcomes (Baum et al., [2018](#hbm24959-bib-0002){ref-type="ref"}; Beyer et al., [2017](#hbm24959-bib-0003){ref-type="ref"}; Madan, [2018](#hbm24959-bib-0011){ref-type="ref"}; Reuter et al., [2015](#hbm24959-bib-0021){ref-type="ref"}).

Little is known about the mechanisms that may underlie the causal link between body weight and head motion. Possibly, obesity‐related alterations in the respiratory system lead to increased real and apparent head motion in MRI scans (Littleton, [2012](#hbm24959-bib-0010){ref-type="ref"}). Yet, the association of BMI and head motion was not mediated by respiration rate in previous studies and has been reported for datasets with both short and long imaging repetition times (Beyer et al., [2017](#hbm24959-bib-0003){ref-type="ref"}; Ekhtiari et al., [2019](#hbm24959-bib-0006){ref-type="ref"}; Hodgson et al., 2017). More speculatively, alterations in the brain\'s dopaminergic system could represent a link between BMI and head motion. Evidence suggests that BMI‐related differences in dopamine receptor availability might underlie observed differences in dopamine‐related functions such as reward sensitivity (Tomasi & Volkow, [2013](#hbm24959-bib-0024){ref-type="ref"}). Given that dopaminergic signaling is crucial for motor inhibition and control (Cools & D\'Esposito, [2011](#hbm24959-bib-0004){ref-type="ref"}; Robertson et al., [2015](#hbm24959-bib-0022){ref-type="ref"}), alterations in the dopaminergic system might also influence spontaneous head motion.

A limitation of this study is that we did not assess other predictors of head motion such as impulsivity, respiration or dopaminergic signaling. We therefore cannot exclude that these measures mediate the observed effect. Yet, our main conclusion that physiological changes induce changes in head motion, and its implications for future studies, remain valid regardless of the exact mechanisms or other influencing factors. Future studies are encouraged to further investigate the complex interplay of physiological and psychological factors in bariatric surgery (see for example <https://osf.io/adnqc>).

Taken together, radical weight loss induced by bariatric surgery reduces head motion in a cohort of obese individuals, indicating that the physiological state strongly determines higher head motion in obesity. This urges adequate a‐priori control of head motion in neuroimaging studies of obesity and other conditions with systematically increased head motion to eliminate its confounding effects on measures of brain structure and function.
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